Introduction
============

The evolution of gene dosage (i.e., gene transcript abundance) is an important mechanism of adaptation in populations of microorganisms. Gene dosage may be affected by changes in transcriptional regulation or by processes that result in gene copy number variation (CNV) within a genome, including gene duplication ([@evy099-B4]; [@evy099-B21]) and horizontal gene transfer (HGT; [@evy099-B34]). Although the role of the acquisition of novel genes by HGT (i.e., the flexible genome) for microbial adaptation to environmental change is well-known ([@evy099-B26]; [@evy099-B34]; [@evy099-B43]), there is only limited evidence of duplication driving adaptation in nature ([@evy099-B46]; [@evy099-B32]; [@evy099-B12]). This may in part reflect a difficulty of detection due to the transient nature of many gene duplicates in microorganisms, which may be rapidly deleted from the genome upon the relaxation of selection during laboratory study ([@evy099-B42]). By contrast, experimental evolution studies of microbial populations suggest a key role for gene duplication during the adaptation to novel environments ([@evy099-B21]). This includes adaptation to antibiotics (reviewed by [@evy099-B42]), nutrient limitation ([@evy099-B9]; [@evy099-B8]; [@evy099-B39]; [@evy099-B15]), temperature stress ([@evy099-B40]; [@evy099-B18]) and heavy metal exposure ([@evy099-B47]; [@evy099-B49]; [@evy099-B11]). As a result, the relative contributions of both duplication and HGT mechanisms within the same genome during adaptation are not clear.

Members of the cyanobacterial genus *Acaryochloris* provide an excellent system to investigate this issue. The genomes of these bacteria, which are unique in their use of the far-red light (\>700 nm) absorbing Chlorophyll *d* (Chl *d*) as the major pigment in photosynthesis ([@evy099-B30]), have an extraordinarily large number of recent gene duplicates compared with other bacterial genomes ([@evy099-B29]). *Acaryochloris* genomes also contain multiple plasmids ([@evy099-B45]; unpublished data), and gene content on these plasmids varies greatly among strains due to their different histories of horizontal acquisition and gene loss ([@evy099-B29]).

Although gene duplication in *Acaryochloris* appears to be a generally non-adaptive process, with most duplicates purged from the genome relatively quickly ([@evy099-B29]), some retained duplicates are potentially beneficial in their local environments. For example, the genome of *Acaryochloris* strain MBIC11017, which was isolated from the iron-limited western Pacific Ocean ([@evy099-B30]), contains multiple duplicated genes that contribute to different aspects of iron assimilation, including the production of low molecular weight, iron-chelating compounds (siderophores), siderophore transport and transcriptional regulation ([@evy099-B29]; [fig. 1](#evy099-F1){ref-type="fig"}). The MBIC11017 genome also contains novel iron assimilation genes that are not found in the genome of *Acaryochloris* strain CCMEE 5410 ([@evy099-B29]), which was isolated from the iron-replete Salton Sea ([@evy099-B28]). This includes a gene cluster involved in siderophore synthesis ([@evy099-B19]; [fig. 1](#evy099-F1){ref-type="fig"}).

![The *Acaryochloris* strain MBIC11017 genome, showing the chromosome (outer circle; 6.5 Mbp) and eight plasmids ranging in size from 121 to 374 kbp (inner circles, 4× scale compared with chromosome; a ninth, 2.1 kbp plasmid is not shown). Duplicated and novel iron-assimilation genes are color-coded by function, with gene duplicates connected by lines. The chromosomal copy of a duplicate pair typically has an ortholog on the *Acaryochloris* strain CCMEE 5410 genome and may be considered the parental copy ([@evy099-B29]).](evy099f1){#evy099-F1}

Here, we show that MBIC11017 exhibits a faster growth rate and higher cell yield at low iron availability than CCMEE 5410, as well as a higher rate of iron assimilation. We next address whether enhanced fitness of MBIC11017 under low iron was associated with increased transcript abundance of duplicated and/or novel iron assimilation genes. We find that novel genes acquired by horizontal transfer are largely responsible for the differences between strains in iron assimilation gene transcript abundance, whereas duplicated genes are principally retained by expression reduction rather than by positive dosage effects.

Materials and Methods
=====================

Culture Conditions
------------------

All cultures of *Acaryochloris* strains MBIC11017 and CCMEE 5410 were grown at 30°C with constant shaking at 100 rpm and constant illumination of 13--18 µmol photons m^−2^ s^−1^ cool white fluorescent light. Cultures were either grown in 100 ml media in 250 ml Erlenmeyer flasks or in 600 ml media in 1 l Erlenmeyer flasks. Two types of media were used, one for the high iron condition and one for the low iron condition (Swingley media and Swingley~0~, respectively). Swingley media was prepared as previously described ([@evy099-B44], where it was referred to as FeMBG-11). Swingley~0~ was prepared as for Swingley media, except for the exclusion of ferric ammonium citrate and EDTA iron(III) sodium salt. Ferric iron content in Swingley media is 51 µM and 7.7 nM in Swingley~0~. In order to minimize iron contamination, all media was prepared using MilliQ filtered water in polycarbonate culture flasks that had been soaked overnight in 1 N HCl.

Growth Experiments
------------------

Growth was measured as the increase in culture optical density at 750 nm (OD~750~) with a Beckman Coulter DU 530 spectrophotometer (Indianapolis, IN). A regression of optical density and cell count for both *Acaryochloris* strains was produced in order to normalize results to cell count and cell volume (MBIC11017 cells are smaller than CCMEE 5410, with approximate diameters of 1.75 and 2.75 µm, respectively). We performed cell counts with a hemocytometer and took OD~750~ readings for a dilution series of cell cultures in mid-exponential phase. Between 12 and 14 counts were used for each strain. Cell count was then regressed on OD~750~. The regressions, which had *R*^2^ values of 0.91 for MBIC11017 and 0.97 for CCMEE 5410, were used to estimate cell density from optical density in subsequent experiments. $${Cells}_{\lbrack MBIC11017\rbrack}~{ml}^{- 1}~ = 4 \times 10^{8}~\left( {OD}_{750} \right) - ~3 \times 10^{6}$$$${Cells}_{\lbrack CCMEE5410\rbrack}~{ml}^{- 1} = 2 \times 10^{8}~\left( {OD}_{750} \right) + ~3 \times 10^{6}$$

For each strain, triplicate independent cultures derived from the same inoculum were grown in Swingley and Swingley~0~ media. Media were prepared as described above using 250 ml polycarbonate flasks with a final volume of 100 ml. Approximately 1 × 10^6^ stationary phase cells from stocks maintained in Swingley~0~ medium were used to inoculate each flask. Growth was measured by taking OD~750~ readings every 24--48 h. Generation time (*G*) was estimated from the exponential growth phase of the culture, as determined by plotting the growth data on a semi-log plot, finding time intervals where cultures were exponentially growing and applying the following formula: $$G = \frac{T_{f} - T_{0}}{3.3~log\left( \frac{{OD}_{f}}{{OD}_{0}} \right)}$$

*T~0~* and *T~f~*are the first and last time points spanning the exponential growth phase. *OD~0~* and *OD~f~* are the OD~750~ readings corresponding to *T~0~* and *T~f~*.

Final yield was estimated by using the final OD~750~ reading from the growth experiment. To determine the effect of strain and condition (i.e., Swingley vs. Swingley~0~ media) on final yield, the data were inverse transformed and fit to a linear model.

Iron Addition Experiment
------------------------

Approximately 6 × 10^6^ cells from stocks growing in Swingley~0~ were inoculated into each of five flasks containing 600 ml Swingley~0~ media and grown as above ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Once the cultures had been in stationary phase for 7 days, cells were harvested for RNA extraction, intracellular iron analysis, and Chl *d* extraction, along with an OD~750~ reading (referred to as *t*~0~). After collecting data for *t*~0~, culture flasks were supplemented with EDTA iron(III) sodium salt (28 µM) and ferric ammonium citrate (23 µM) to attain the iron content of Swingley media ([@evy099-B44]). At 12, 24, and 36 h after iron addition (*t*~12~, *t*~24~, *t*~36~), an OD~750~ reading was taken and samples were collected for intracellular iron analyses. Cells were also collected for RNA isolation at *t*~36~.

Intracellular Iron Collection, Digestion, and Analysis
------------------------------------------------------

To determine intracellular iron content, 10 ml of culture from each sample was filtered onto 0.6 µm pore size polycarbonate membrane filters (MILLIPORE product DTTP02500; Burlington, MA). Filters were inserted into 2 ml screw-top microcentrifuge tubes, and 1 ml of 5 mM EDTA pH 7.8 was added. Tubes were vortexed until cells were resusupended in the solution, and filters were then removed with a toothpick. Samples were next centrifuged for 10 min at 16,000 × g to pellet cells, and the supernatant was aspirated. This process was then repeated with 1 ml sterile Swingley~0~ media. Cell pellets were stored at −20°C until chemically digested for iron content analysis using optical emission spectroscopy.

A modified protocol of EPA method 3050B was used to digest cell pellets for iron content analysis (Environmental Protection Agency). Millipore water and 70% TraceMetal Grade nitric acid (Fisher Scientific, Hampton NH) were added in a 1:1 ratio to microcentrifuge tubes containing cell pellets to a final volume of 1 ml. The tubes were then vortexed to resuspend the pellet and incubated at 85°C for 4 h. Samples were removed from heat and allowed to cool. Once cool, 150 µl of a 30% solution of hydrogen peroxide were added to all samples, which were then incubated for 30 min at 60--70°C. Digestions were added to 19 ml of a 2% nitric acid solution for a final acid concentration of approximately 4.4% and a final volume of approximately 20 ml. Optical emission spectroscopy was performed on each sample by The University of Montana's Environmental Biogeochemistry Laboratory to determine the amount of iron per milliliter of culture, which was then normalized to *Acaryochloris* biomass.

To account for any iron precipitation, blank controls were used. At *t*~0~, prior to iron addition, no iron was detected in the blank control. Iron concentrations in blanked samples after iron was supplemented were not negligible and varied approximately 2-fold. This variation was not meaningful as it is likely the result of accidental aspiration of precipitated iron. Consequently, the iron concentration of all blank samples were averaged and subtracted from all estimates of iron concentration for samples collected after iron addition (*t*~12~, *t*~24~, *t*~36~).

Cell collection for RNA-seq
---------------------------

Both strains were grown under three environmental conditions for RNA-seq analysis ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online): during exponential growth in low iron media, stationary phase (*t*~0~ of the iron addition experiment above), and following iron addition (*t*~36~ of the iron addition experiment above). For all conditions, there were five independently grown replicate cultures for each strain. For the exponential growth condition, both strains were grown to mid-exponential phase in Swingley~0~ media. 200 ml of cell culture from each sample were collected for RNA isolation. Cell collection was carried out via vacuum filtration onto 1.2 µm pore size polycarbonate membrane filters (MILLIPORE product RTTP04700). Using sterilized forceps, filters with cells were carefully inserted into 15 ml Falcon^TM^ tubes (Corning Inc., Corning, NY). Tubes containing cells on filters were immediately flash frozen in liquid nitrogen and stored at −80°C until RNA extraction.

RNA Extraction
--------------

RNA was isolated by guanidiumthiocyanate-phenol-chloroform extraction with PGTX extraction buffer. PGTX buffer was prepared as described by [@evy099-B35]. The extraction protocol used is a combination of the "PGTX 95" protocol outlined in [@evy099-B35] and the Qiagen RNeasy Mini Handbook with modifications. Falcon^TM^ tubes containing cells on polycarbonate filters were removed from the −80°C freezer and 2 ml warmed PGTX reagent was added. Samples were vortexed to resuspend cells and incubated for 5 min at 95°C with occasional vortexing. Samples were then immediately incubated on ice for 5 min following removal of filters with sterile pipette tips. Next, 400 µl chloroform was added, and samples were incubated for 10 min at room temperature with occasional vortexing. Phase separation was then facilitated by centrifugation for 15 min at 4°C and 12,000 × g. The aqueous layer was transferred to a new tube, and an equal volume of chloroform was added. Again, extractions were incubated at room temperature for 10 min with occasional vortexing and centrifuged for 15 min at 4°C and 12,000 × g. To precipitate RNA, the aqueous layer was transferred to a new tube, 1/10 volume 3 M sodium acetate at pH 5.2 and 2.5 volume 100% ice cold ethanol were added. Tubes were mixed by inversion and precipitated overnight at −20°C.

The following day, samples were briefly chilled to −80°C and centrifuged 20 min at 4°C and 12,000 × g to pellet RNA. The supernatant was aspirated, and pellets were washed by resuspension in 1 ml 75% ethanol, and then pelleted again by centrifugation for 10 min at 4°C and 12,000 × g. This process was repeated, and then samples were cleaned according to the Qiagen RNeasy Mini RNA Cleanup protocol, including a DNase step. RNA pellets were resuspended in 100 µl RNase-free water, and 10 µl β-mercaptoethanol was added to 1 mL buffer RLT to further inhibit RNases. Finally, samples were eluted twice with 35 µl fresh RNase-free water and stored at −80°C. To check for genomic DNA contamination, 25 rounds of PCR using *isiA* primers was performed; following a second DNase treatment, there was no amplification in any of the RNA samples. Samples were eluted twice with 25 µl fresh RNase-free water. A small aliquot from each sample was taken for quality control and quantification and was stored at −80°C.

RNA QA/QC, Quantification, Sequencing, and Data Analysis
--------------------------------------------------------

Fragment analysis of RNA was performed on an Agilent Technologies (Santa Clara, CA) TapeStation using an RNA ScreenTape. RIN values for the samples ranged from 6.4 to 8.2. RNA was quantified using a Qubit2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA) with the Broad Range RNA Assay Kit. RNA was sent to the Washington State University, Spokane Genomics Core for library prep with TruSeq Stranded Total with Ribo-zero (Illumina, San Diego, CA) and 50-bp single read sequencing on an Illumina HiSeq-2500.

Analysis of adapter-trimmed Illumina reads was performed using a Galaxy server ([@evy099-B2]) maintained by the University of Montana Genomics Core Laboratory. FASTQC ([@evy099-B5]) was used to verify sequence quality. Reads for both *Acaryochloris* species were mapped to their respective genome assemblies (CCMEE 5410: accession GCA_000238775.2; MBIC11017: accession GCA_000018105.1) using Bowtie2 ([@evy099-B25]). The resulting sorted BAM files were analyzed using HT-seq Count ([@evy099-B3]) and DESeq2 ([@evy099-B27]) to count the number of transcripts and perform differential expression analysis, respectively. Mapped reads were assembled using reference GFF annotations.

Results and Discussion
======================

*Acaryochloris* MBIC11017 Grows Faster and to a Higher Yield than *Acaryochloris* CCMEE 5410 at Low Iron Concentration
----------------------------------------------------------------------------------------------------------------------

To test whether MBIC11017 is better adapted to low-iron environments than CCMEE 5410, we assayed growth rate and cell yield for both strains in media containing either low (7.7 nM) or high (51 µM) concentrations of iron. MBIC11017 grew significantly faster than CCMEE 5410 under both high and low iron conditions ([fig. 2*A*;](#evy099-F2){ref-type="fig"}*F*~(1,\ 8)~ = 203.01, *P* \< 0.0001 for the effect of strain in a two-way ANOVA). The difference in cell size between strains likely contributes to these growth rate differences: MBIC11017 is smaller than CCMEE 5410 and thus has a higher surface area to volume ratio, which is negatively correlated with bacterial generation time ([@evy099-B7]; [@evy099-B14]). Although strain yields were not statistically different under high iron (*P* = 0.99), MBIC11017 grew to a significantly and substantially greater final yield than CCMEE 5410 under low iron ([fig. 2*B*;](#evy099-F2){ref-type="fig"}*P* \< 0.001 by Tukey HSD; *F*~(1,\ 8)~ = 19.68 and *P* = 0.002 for the strain × iron interaction). We conclude that MBIC11017 is better than CCMEE 5410 at scavenging low concentrations of iron in the environment. Further, the statistically similar yields attained by MBIC11017 under both conditions suggests that its yield was effectively limited by a factor other than iron in both treatments. The lower growth rate but similar yield of MBIC11017 at low iron concentration compared with high iron concentration may reflect a cost of additional resource allocation toward iron acquisition in MBIC11017.

![(*A*) Growth rate in generations per day for *Acaryochloris* strains under low and high iron conditions. Error bars indicate standard errors. (*B*) Final yield in cells ml^−1^ for *Acaryochloris* strains grown under low and high iron conditions. Error bars indicate standard errors.](evy099f2){#evy099-F2}

*Acaryochloris* MBIC11017 Assimilates Environmental Iron Faster than *Acaryochloris* CCMEE 5410
-----------------------------------------------------------------------------------------------

To estimate the rate of iron assimilation from the environment for each strain, we used optical emission spectroscopy to monitor the change in intracellular iron content over time. Iron was added to stationary phase cultures of both strains to a final concentration of 51 µM Fe (III). Samples were taken immediately prior to (*t*~0~) as well as 12, 24, and 36 h after iron addition (*t*~12~, *t*~24~, *t*~36~). Prior to iron addition, intracellular iron content of both strains was \<0.01 fg Fe µm^−3^. Following addition, MBIC11017 assimilated iron three times faster than CCMEE 5410 ([fig. 3](#evy099-F3){ref-type="fig"}; mean ± SE of 0.03 ± 0.006 vs. 0.01 ± 0.001 fg Fe µm^−3 ^hr^−1^ over the first 24 h of the experiment; *P* = 0.0007 for the strain × time interaction).

![Cell volume-normalized intracellular iron content of *Acaryochloris* strains following iron addition. Error bars indicate standard errors.](evy099f3){#evy099-F3}

Higher Levels of Expression of Iron Assimilation Genes in *Acaryochloris* MBIC11017
-----------------------------------------------------------------------------------

Bacterial iron assimilation proteins include siderophores, siderophore transporters and Fur transcriptional regulators. Siderophores are low molecular weight compounds with a high affinity for iron that are transported out of the cell by ATP-binding cassette (ABC) superfamily proteins ([@evy099-B22]). Siderophores with chelated iron are shuttled back into the cell by TonB-dependent transporters ([@evy099-B22]). Transcription of many siderophore synthesis and transporter genes are regulated by Fur transcriptional regulators. In *E. coli* and other enteric bacteria, Fur regulators exhibit metal-dependent repression ([@evy099-B13]): when intracellular iron is high, transcription of genes under Fur regulation is repressed, whereas transcription is derepressed when intracellular iron is low ([@evy099-B6]).

To evaluate whether phenotypic differences between strains are associated with a greater relative abundance of iron assimilation transcripts in MBIC11017, we performed an RNA-seq analysis ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) for the following conditions: 1) exponential phase cells growing at low iron concentration (sw~0~); 2) stationary phase cells (*t*~0~ from the iron addition experiment described above); and 3) cells 36 h after iron addition (*t*~36~). To compare gene expression between strains, we estimated the log~2~-fold difference in normalized gene counts ([@evy099-B27]).

The transcriptomic data were tightly associated with observed physiological differences between MBIC11017 and CCMEE 5410. The abundance of transcripts involved in siderophore production and iron transport was greater in MBIC110017 under all conditions tested ([fig. 4](#evy099-F4){ref-type="fig"}), consistent with the higher rate of iron assimilation ([fig. 3](#evy099-F3){ref-type="fig"}) and greater yield at low iron ([fig. 2*B*](#evy099-F2){ref-type="fig"}) of this strain. The expression of Fur homologs was also greater in MBIC11017 for the sw~0~ and *t*~0~ treatments ([fig. 4](#evy099-F4){ref-type="fig"}). In Gram-negative bacteria, Fur is not only a repressor of iron-assimilation genes but is also a major regulatory protein with diverse functions ([@evy099-B38]). It is therefore difficult to interpret the effects of individual *Acaryochloris fur* homologs without characterizing these genes. Given the toxicity of iron at high concentrations and the increased number of iron assimilation genes under regulatory control, we do speculate that these genes may be important for the maintenance of iron homeostasis in MBIC11017.

![Heatmap of log~2~-transformed normalized gene counts for iron assimilation genes in the transport, Fur homolog, and siderophore categories, respectively.](evy099f4){#evy099-F4}

What contributes to this greater abundance of iron assimilation transcripts in MBIC10017? Potential mechanisms discussed below include the stronger expression of single-copy orthologs present in both genomes (Class 1 genes), the enhanced expression of duplicated genes in MBIC11017 that are single-copy in CCMEE 5410 (Class 2 genes) and the expression of genes that are novel to the MBIC11017 genome (Class 3 genes).

Little Expression Divergence between Single-Copy Orthologs
----------------------------------------------------------

Five of the 17 Class 1 genes (single-copy in both genomes) had a log~2~-fold difference in expression between strains with an absolute value of at least 2 for at least one condition ([fig. 5](#evy099-F5){ref-type="fig"}; [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Of these, two were more highly expressed in MBIC11017. One is an annotated ExbD biopolymer transporter gene (AM1_RS00740) with greater expression at *t*~0~ and *t*~36~. The second was an annotated (Fur) transcriptional repressor (AM1_RS05030) with greater expression during exponential growth (sw~0~) and stationary phase (*t*~0~). Three genes exhibited higher expression in CCMEE 5410: two annotated ABC transporters at *t*~36~ (ON05_RS11755, ON05_RS03170) and a siderophore-producing gene (ferric aerobactin receptor ON05_RS11635) at *t*~0~. We conclude that expression divergence of single-copy orthologs does not appear to make a major contribution to the physiological differences between strains.

![Heatmap of log~2~-transformed normalized gene expression for Class 1 genes (single-copy orthologs present in both genomes). Cells represent individual replicates.](evy099f5){#evy099-F5}

Expression Reduction of Iron Assimilation Duplicates in MBIC11017
-----------------------------------------------------------------

For Class 2 genes (duplicated in MBIC11017, single-copy in CCMEE 5410), we can distinguish between different potential mechanisms of MBIC11017 gene duplicate retention. Greater aggregate transcript abundance of MBIC11017 duplicates compared with expression of the CCMEE 5410 copy would be consistent with a positive dosage effect ([@evy099-B21]). Alternatively, similar expression between duplicates and the CCMEE 5410 copy would provide evidence that selection to maintain ancestral levels of gene expression following duplication resulted in expression reduction and the retention of duplicates in the MBIC11017 genome ([@evy099-B37]). Expression between strains was similar for most loci: only two of the nine Class 2 genes had log~2~-fold differences of at least 2 ([fig. 6](#evy099-F6){ref-type="fig"}; [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). One of these encodes a TonB transporter, which had greater expression in CCMEE 5410 at *t*~0~ and *t*~36~. The other encodes a Fur transcriptional regulator which had greater expression in MBIC11017 under all treatments. These results imply that expression reduction has played a more important role for the maintenance of MBIC11017 duplicates than has positive dosage.

![Heatmap of log~2~-transformed normalized gene expression for Class 2 genes (duplicated in MBIC11017, single-copy in CCMEE 5410). Cells represent individual replicates (for MBIC11017, expression is summed over paralogs).](evy099f6){#evy099-F6}

Expression reduction can arise by chance or by selection to avoid maladaptive stoichiometry following duplication, and it has been reported to be an important mechanism of duplicate retention in mammals and yeast ([@evy099-B37]; [@evy099-B24]). In human and mouse, most young tandem duplicates are down-regulated and appear to be retained by the sharing of ancestral levels of dosage ([@evy099-B24]). This may be a result of the epigenetic silencing of duplicates by increased promoter methylation ([@evy099-B41]), which is known to decrease downstream gene expression in mammals ([@evy099-B48]). Consistent with this model, the promoters of young duplicates in human are generally heavily methylated ([@evy099-B20]). Whether a similar mechanism contributes to expression reduction in *Acaryochloris* remains to be investigated, but there is some evidence for the regulation of gene expression by methylation in bacteria ([@evy099-B10]; [@evy099-B1]).

Gene expression of duplicates was also often asymmetric. In a majority of cases, the ancestral chromosomal copy had a greater estimated transcript abundance across all conditions ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). However, there was also limited evidence for condition-dependent differences in which copy was more highly expressed ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). For example, for the transporter gene *exbB*, one of the plasmid copies was the most highly expressed copy for sw~0~ and *t*~0~, whereas the chromosomal copy was most highly expressed at *t*~36~. This observed expression divergence among copies may be indicative of either sub-functionalization or neo-functionalization of duplicates ([@evy099-B31]).

Transcription of Novel Genes Drives Stronger Expression of Iron Assimilation Genes in MBIC11017
-----------------------------------------------------------------------------------------------

Of the 25 Class 3 genes (no ortholog in CCMEE 5410), three have also been duplicated and 20 are encoded on plasmids. Most (\>80%) plasmid-encoded genes in *Acaryochloris* are idiosyncratic to either MBIC11017 or CCMEE 5410, which suggests that they have been acquired by HGT ([@evy099-B29]). This includes a cluster of genes (AM1_RS29740-AM1_RS29790; [fig. 1](#evy099-F1){ref-type="fig"}) flanked by transposase genes that is homologous to a characterized siderophore-producing gene cluster in the cyanobacterium *Anabaena* PCC 7120 ([@evy099-B19]). This cluster accounts for the vast majority of *Acaryochloris* transcripts that map to siderophore-producing genes ([figs. 4](#evy099-F4){ref-type="fig"}, [5](#evy099-F5){ref-type="fig"}, and [7](#evy099-F7){ref-type="fig"}). Certain Class 3 genes exhibited particularly high transcript abundance. For example, a plasmid-encoded annotated TonB-dependent siderophore receptor (AM1_RS29960) was highly expressed under all conditions, and in the top 20 most highly expressed protein-coding genes during stationary phase *t*~0~ ([supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These results indicate that novel HGT-derived gene content in the MBIC11017 genome accounts for the majority of the differences in iron assimilation gene dosage between *Acaryochloris* strains. Although the nature of the interactions among these novel and ancestral *Acaryochloris* iron assimilation proteins remains to be investigated, it is of particular interest whether the highly expressed siderophore receptor AM1_RS29960 recognizes iron-chelated siderophores produced by AM1_RS29740-AM1_RS29790.

![Heatmap of log~2~-transformed normalized gene expression for Class 3 genes (no ortholog in CCMEE 5410). Cells represent individual replicates. Chr corresponds to genes located on the MBIC11017 chromosome; P1 and P2 correspond to paralogs located on plasmids.](evy099f7){#evy099-F7}

Concluding Remarks
------------------

One implication of the observed pattern of expression reduction of duplicates in MBIC11017 is that there has been selection to maintain proper stoichiometry among the ancestral components of iron assimilation. According to this scenario, reductions in duplicate expression occurred before the deletion of one of the copies, thereby favoring their retention. This is consistent with the evidence for strong purifying selection (*d*~N~/*d*~S~ ≈ 0.1) on retained duplicates in *Acaryochloris* ([@evy099-B29]). By contrast, we suggest that the activities of the novel, horizontally transferred iron assimilation genes that have become established in the *Acaryochloris* MBIC11017 genome may be largely independent of ancestral iron metabolism. In particular, we might expect this to be the case for the highly expressed siderophore cluster, since genes involved in secondary metabolism (such as siderophore synthesis) are more likely to be successfully horizontally transferred than those that encode proteins that participate in diverse interactions with the existing proteome ([@evy099-B17]; [@evy099-B33]; [@evy099-B36]). Further clarification of these issues will ultimately provide a deeper understanding of how novel and duplicated genes are incorporated into an existing expression network.

Supplementary Material
======================

[Supplementary data](#sup1){ref-type="supplementary-material"} are available at *Genome Biology and Evolution* online.
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